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Abstract—In this paper, we address the topology control issue
for future wireless mesh networks (WMNSs) based on the pringile
of service-oriented design. In particular, we propose a nos
topology control scheme that attempts to maximize the oveth
throughput in the network and that takes into account the
traffic pattern. The main idea of the scheme is to establish
multiple semi-permanent wireless highways, each of whicham

To fulfill such demands, we proposed to develop “service-
oriented” network layer for future WMN [3]. Compared to
existing approaches, the new framework has the following
major features:

« Availability of service: The network layer is aware of

convey the traffic for nodes along the highway. To evaluate
performance of the proposed scheme, we conduct theoretical
analysis, which demonstrate that viable solutions for higtvays do
exist with high probability. The theoretical analysis alsoproves
the optimality. Within the new topology control framework, we
demonstrate that advance technologies, including networkoding
and physical-layer network coding (PLNC), can be applied to
substantially improve the throughput capacity and confidertiality
of the communications.

Index Terms—Wireless mesh networks, topology control, net-
work coding.

I. INTRODUCTION

In the past few years\Wreless mesh network (WMN) is

the availability of different services, such as Internet
access, real-time communications, content distribution,
interactive gaming, medical applications, and vehicular
safety applications.

« Communication pattern: A service can have a specific

communication pattern, including one-to-one, one-to-
many, many-to-one, and many-to-many.

Service requirements: A service can also be associ-
ated with a variety of service requirements, including

bandwidth, delay (real-time, non-real-time, and delay-

tolerant), security, and reliability.

Service-orientation: To obtain a service, a customer only
needs to request the service (with certain specifications)

from the network layer. The network layer will deter-
mine the availability of service and will route the traffic
accordingly.

a promising technology that can be applied to provide cost-
effective wireless coverage for a large area [1]. Currently
many different working groups are developing wireless mesh
support in a variety of networks, includingjreless personal In this paper, we will address the topology control problem
area networks (WPANS), wireless personal area networks within the service-oriented framework for the design ofifet
(WPANSs), andwireless metropolitan area networks (WMANs)  WMNs. Particularly, we propose a novel topology control
[2]. Despite the salient features, many challenges have mgheme that can efficiently provide connectivity for the-net
been fully understood and addressed. work, and can take into account the traffic patterns in the net
One of the major issues is how to design WMN solutionsork. The main idea of the new scheme is to establish multiple
that can help the service providers to gain more revenwdeless highways, on both the horizontal direction and the
while enabling and providing good support for a variety ofertical direction. Moreover, on the same direction, npléi
applications, which may have diverse requirements. In obighways can operate simultaneously, without interfeirenc
recent studies [3], [4], we investigated the features ofteng with each other. In this manner, near optimal throughput
and potential services in future wireless networks, and wapacity can be obtained. To evaluate the performance of
concluded that these services may express diverse requihe proposed scheme, we conduct theoretical study, which
ments, in terms of 1) communication pattern (one-to-one; ordemonstrates that viable solutions exist with arbitrahigh
to-many, many-to-one, and many-to-many), 2) delay (reglfobability in random wireless network. Our theoreticaidst
time, non-real-time, and delay-tolerant), 3) service labdlity also proves the optimality. Based on the topology control
(centralized, distributed, and location-aware), 4) siguand scheme, we also provide efficient scheduling schemes that
5) reliability. exploit advance technologies, including network coding an



TABLE |

physical-layer network coding. COMPARISON OFTRANSMISSIONSCHEMES

The rest of this paper is organized as the following. In
Section I, we briefly review the background and related Traditional Network coding PLNC
works in topology control and network coding. We then @S 1| &A= R viA= R ;fgjﬁ
elaborate on the new topology control scheme in Section [ffTrans. 2| y: B = R y:B—> R z+y: R AandB
To demonstrate the advantages of the proposed framework, weans. 3| z: R— B | v +y: R — AandB
present efficient scheduling schemes based on networkgodid@ns- 4] v : £ — 4

and physical-layer network coding in Section IV. Finallye w

conclude this paper in Section V.
pap To illustrate the difference between the traditional trans

[I. BACKGROUND AND RELATED WORKS mission scheme, the network coding scheme, and the PLNC
A. Topology Control scheme, let us consider a simple network that consists gf onl
eﬁhree nodes: A, R, and B. In this network, nodes A and B
ill generate traffic designated to nodes B and A, respdgtive
Their communication will be relay by node R. In Table I, we
show simple scheduling schemes for the three communication
mechanism, where andy represent message from A to B and
ularpm B to A, respectively. We can observe that, the network
. . : oding scheme can improve the capacity of the network by
ing power consumption [5], interference [6], broadcast, [7 educing the number of transmission from 4 to 3. And the

quality-of-service (QoS) [8], antennas [3], and reliapilL0]. PLNC scheme can improve the capacity even more because it
In the Iitera_ture, most studies.on topology control focys 0rréquires only two transmissions to exchange the two message
the characteristics of the resulting graph and skip theildeta Nevertheless, the studies in previous works also suggast th

routing, scheduling schgmeg, which may affect the t.h.rothqhe gain of network coding in wireless network may be limited
and delay performance in wireless networks. In addmonstmodue to coordination overheads [14]. Compared to network

studies have implied broadcast traffic [7], [11]. . . L
e . - . . coding, PLNC may require even more coordinations among
Compared to existing studies, our focus in this paper is [0 L .
nodes in wireless networks because of the nature of wireless

design a topology such that the overall throughput capacit . o
o . ) channel and wireless communications [17].
can be maximized for a certain traffic pattern. In other wprds . .
In our topology control framework, we will consider both

our topology_ cor!trol sgheme will (_:o_nS|der .a” aspects in thr(?etwork coding and PLNC schemes. Moreover, we will con-
network design, including connectivity, routing, and siile

ing sider how to reduce the control and coordination overhead in

the design.
B. Network Coding and Physical-Layer Network Coding

Network coding i na technol that anit 1. ANOVEL TOPOLOGYCONTROL SCHEME
etwork coding is an emerging technology that can signif-
icantly improve the performance of communication networlé‘ The Topology Control Scheme
[12]. The main idea behind network coding is that it allows The key idea of our topology control scheme is to identify a
nodes (switches and routers) in the network to forward cod&@t of semi-permanent highways, such that the best thrauighp
data based on previously received data. By contrast, thesnogapacity of the network can be obtained. Particularly, we
in existing communication networks can be considered &8vision that the wireless highways will be rather similar t
having “copy” or “store-and-forward” functionality. the highway system in public transportation system, whauf ¢

In the literature, most existing studies on network codingfficiently provide connectivity in reality. In our framewo
have focused on how to efficiently support a single multicagte consider that the highways can be partitioned into two
in a wired network [13]. Several interesting schemes ha@oups, horizontal and vertical. Highways in each group can
been proposed recently for multiple unicast flows in typic&Perate simultaneously because they are mutually paeadtel
wireless ad hoc networks [14]. The key advantage of suéRn be placed away enough to reduce interference below a
schemes is that they utilize the broadcast nature of wiselegrtain threshold. Consequently, horizontal and vertigh-
communications. ways will partition the whole geographical area into griits,

Recenﬂy' several groups have extended the idea of nethRiCh nodes will try to forward their traffic to the nodes on
coding to the physical layer [15]-[18]. The key innovatiofeighboring highways.
of physical-layer network coding (PLNC) is that it combines  In our framework, the combination of the following param-
the transmitted signals directly in the time domain, at tHeters can be considered
receiver. In PLNC, a relay node (or nodes [18]) can decodel) Transmission range: transmission range of each node
the combined signals and forward new signals at a later time in the network is traditionally an important design
(decode-and-forward) [15], or just simply amplify the rveel parameter in topology control. In general, a smaller
signals [16] and then forward them (amplify-and-forward) transmission range will improve the channel reuse but
later. may compromise the connectivity. A larger transmission

Topology control problem has been studied extensiv
in the past twenty years, for the emergingreless ad hoc
networks and wireless sensor networks (WSNs). The main
purpose of topology control is to identify a subset of passib
wireless links to provide connectivity for wireless netk®r
with certain design criteria have been considered, incl
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Fig. 1. The communication model. V M

A penetratin h startin I
range will improve the connectivity but reduce the penetrating path starting at cell (1, 3)

channel reuse. Therefore, choose an appropriate range Fig. 2. An example of the band model.
is a trade-off between connectivity and channel reuse.
2) Type of antenna: Clearly, using directional antenna or

beam forming may improve the capacity of the networ,ny py (5, ), which represents the cell on theh column
by reducing the interference and improve the transm'ﬁ'ndj-th oW,

sion quality. _ _ _ To provide connectivity in this network, we consider two
3) Traffic pattern: Traffic patter is very important o th§y e of hand, horizonal and vertical. horizontal band, a
topology. For instance, most studies in the literature ag netrating path is defined as a sequence of connected cells,
based on the implication that the traffic is broadcaglych of which contains at least a node, that pass through
With such an assumption, the problem is formulated ingle pand horizontally, i.e., connecting the leftmost catum
way such that the overall transmission for each messaggy the rightmost column. An example for horizontal band
is m|n|m|zed. However, broadcas_t traff_|c may only b_% illustrated in Fig. 2, which starts at cell (1, 3).
a special case in the future service-oriented WMN, in gjmijary, in vertical band, a penetrating path is defined as
which a variety of patterns may appear, from one-tQ; sequence of connected cells, with at least one node in each
one to many-to-many [4]. cell, that pass through the band vertically.
4) Quality of service (QoS): For the successful of future o 1 foll0wing subsections, we conduct theoretical asialy

WMNSs, a crucial issue is to enable services with certaiy oya1yate the performance of the topology control scheme i
QoS requirements, such as bandwidth, delay, securityom wireless network

and reliability.
As a first step of our study, we will consider only omnidiC- Performance the Scheme in Random Wireless Networks

rectional antenna and we will consider purely random uticas To conduct our analysis, we assume that each cell will
traffic pattern. Moreover, we will elaborate on the randormontain one or more nodes with probabilijty Our analysis
wireless network to gain insights for our future investigat will be based on the percolation theoretical approach agdpli
in [19]. The objective of the analysis is to investigate the
B. Network Model probability that a penetrating path exist in a band, givem th

In our study, we consider an arbitrary area that is coverfgrameten/, N, andp. o _
by a set of equal-sized hexagonal cells, which is similar to_Slnce the horlzontgl band is similar to a vert|cal_ one, we
the typical scenario in cellular networks. One of the reasolill focus on the horizontal band hereafter. To facilitakes t
for choosing such a method is that the traveling distance 38@lysis, we define the following events:
bounded to approximately/4/3 to the shortest distance. o P(M,N,p): the event that at least one penetrating path
We now let the length of the edge of any hexagon be equal to €Xists in a band with parametés, N, andp.
R. In this system, the communication range is selected such P(M,N,p, K*): the event that at leask’ penetrating
that any two nodes in two adjacent cells can communicate Path exist in a band with parametgf, N, andp.
with each other. As shown in Fig. 1, we can derive that thes P(M,N,p, K~): the event that less thaRl penetrating
communication range can be expressed by = V/13R. path exist in a band with parametgf, NV, andp.
Moreover, is our study, we only consider that communication From Fig. 2 we can also observe that, if there is no
between two nodes in adjacent cells, and the transmissibn wienetrating path in the band, then we can find at least one
be omnidirectional. partition method that separate the band into two discomdect
A set of cells can form aand, as shown in Fig. 2. In parts. To represent such a phenomenon, here we define a
particular, a band is constructed BYy rows of cells, and each vacant path as a sequence of cells, each of which is empty
row consists of M horizontal cells. Note that, all cells arand contains no nodes, that starts from the first row to the
placed in a way such that there is no overlap or gap betwdast row in the band. An example of such vacant path can be
adjacent cells. In this manner, we can specify a cell in theund in Fig. 3.



A vacant path starting at cell (4, 1) Since even?(M, N, p) andV (M, N, p) are compliment to
each other, we can see that

PIPMN.p) > 1— Hisa-p). (8)

From Egs. (7)-(8), we can prove the following theorom.
Theorem 1. For M by N horizontal band, a penetrating
path exists with arbitrarily high probability with appraate

D
| | D. The Scalability Analysis

_ We now consider the scenario in which the number of cells
Fig. 3. An example of the vacant path. tends to infinity. In such a case, we can use the hexagon
model to cover the whole area without any gap. We assume
that the area is rectangular that can be covered by/ahy
Similar to the event defined above, we can also define tAé band, as in Fig. 2. In other words, we assume in this
following events: scenario that)/ tends to infinity. To analyze the scalability
o V(M,N,p): the event that at least one vacant path exis ST[tZr? ds\(/:vt:ae(r:nai’ W:rti?ii;u;?\z m;:z Z?eg]tv(\a/ggrng]ri;sg/rllies
in a band with parametet/, N, andp. . P P
N .h{)rlzontal bands.
o V(M,N,p,i): the event that at least one vacant path exis From the definition of evenP(M. N we can see that
in a band with parametek¥/, N, andp, given that the . . . . ) (M, N, p), )
. it is an increasing event in the sense that adding a new pen-
path starts at cef(z, 1). : . L
etrating path to this event is still then same event. Theegfo

« W(M,N,p,i): the event that at least on¥-hop path . :
starts at cell(é, 1) in a horizontal band with parameterWe can apply the percolation theory (Lemma 6 in [19]).
AM
sn M

M, N, andp, given that the path consists of only empt _
9 ° Y ERY PrlP(M, N, g, (0N) )] < (2PN 21501 - ), (9)
cells. q—7p 25
N We now letM = eV, wheref is a constant. In this manner,
Pr{w(M, 1’p’2.)] = (0-p) ) (1) we can guarantee th&r[P(M, N, p)] (in Eq. (8)) approaches
PrW(M,2,p,9)] < 4(1-p) (2) 1, by choosing such that
PrW(M,N,p,i)] < %[5(1 -p)|, iFN>2 (3) 565(1 -p) <1, (10)

In Eq. (2), parameter 4 means that cglll) has at most 4 for anyp > %. Consequently, we can further derive that
neighboring cells if # 1 andi # M. Note that in Egs. (2)-(3),

we have applied the inclusion-exclusion principle. In &ddi, _ 4 q o ¢ Y
to guarantee that the right-hand-side of inequality Eqjs(%2 Pr[P(M,N.q,(dN)7)] < 2% a—p) © (1-p)
is less than 1, we need (11)
125 4 Clearly, Eq. (11) expresses that the probability the number
p=1- g(Z)N ) of penetrating path is less thanV in one horizontal band.

L . . Therefore, the probability the number of penetrating path i
To simplify the notations below, we le¥ > 2. Since the less thans N in every horizontal band is

length of a vacant path is at least, we have

. ¥ ; |
Pr{V(M,N,p,i)] < PrW(M,N,p,)].  (5) Pr[P(M,N,q(6N) )% < (;5) [5 (L) (1 — m}
q—p
By using the inclusion-exclusion principle again, we can (12)
prove that In Eqg. (12), we can see that the first compon )% of

the right hand side tends to zero becaglse land ejv — 00.

To make sure that the second component also tends to zero,

Pr[V(M,N,p)] < M x Pr[V(M,N,p,i)]

Pr[V(M,N,p)] < %[5(1 _p)]N, (6) we just need to make sure that
B - 25
5
From Eqg. (6) we can see that, for arbitrarily small value 565(1 —p) (L) <1. (13)
e >0, Pr[V(M,N,p)] <, if we can choose such that 9-p
1 25¢ 1The conclusion for this scenario is the same as that for anetbll-known

2~

p>1-— _(4M) : (7) scaling scenario, in which the number of nodes tends to tgfinia unit area.
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I - Fig. 5. An example of the scheduling scheme based on PLNC.

Time
Fig. 4. An example of the scheduling scheme based on netvaing. . . . . .
9 P 9 % has been minimized. More interestingly, with the schedulin
scheme, each transmission is the combination of signafs fro
two sources, which improve the confidentiality in a wireless

Since parameterg, ¢, {, and ¢ are independent ta\/  environment because a passive eavesdropper may not be able
and N, we can see that, whef/ goes to infinity, then we to decode individual messages.

can guarantee that each horizontal band contains at d@ast
penetrating paths. Therefore, we can guarantee that there a V. CONCLUSION
at leasté M horizontal penetrating paths for the whole area, In this paper, we have proposed a novel topology control
provided that a constant portion of these penetrating patitheme for future wireless mesh networks (WMNSs) based
can operate simultaneously, without affecting (via ireegfice) on the principle of service-oriented design. In the propose
each other. scheme, we have tried to maximize the overall throughput in
Since the above proof can also be applied for the vertidghle network according to a certain traffic pattern. The main
penetrating paths. We can prove the following theorem. idea of the scheme is to establish semi-permanent multiple
Theorem 2: The throughput capacity of two-dimensionaivireless highways, each of which can convey the traffic for
random wireless network tends (/). nodes along the highway. Within the new topology control
Proof: Skipped. m framework, we have also demonstrated that advance technolo
Note that the above theorem is in agreement with tlgges, including network coding and physical-layer network
conclusion in [19], in which the authors assume the physicadding (PLNC), can be applied to substantially improve the
model in their discussion, while we assume the protoctiiroughput capacity. Furthermore, we observe that a pexpos

model. PLNC scheme can provided confidentiality of the communi-
cations in wireless network, which has not been reported in
IV. SCHEDULING SCHEMES the literature.

Based on the topology control scheme we discussed in Sec-

tion 1ll, we have seen that the basic component for providing _ ) ) )
connectivity in the network is chain-based highway. Sir t This work was supported in part by the US National Science

highways will be established and maintain indefinitely, e ¢ Foundation (NSF) under Award Number 0424546.
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